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Abstract
Additive Layer Manufacturing (ALM) processes are attracting interest in the forging
industry due to their potential suitability for remanufacturing and repair of tools and
dies. The ALM process known as Laser Metal Deposition with powder (LMD-p) can
be used to provide a hard-facing alloy repair to hot forging tools. This is particularly
important on complex tool geometries due their superior wear resistance. The
Advanced Forming Research Centre (AFRC) has established a low cost standard test
method to evaluate abrasive and adhesive wear on hot forging H13 tool steel dies on
an industrial scale 160 kJ Schuler screw press. The bespoke tool design allows
researchers to benchmark new and novel coatings, lubricants and additive layers
against a known standard. Furthermore, AFRC metrology standard methods ensure
repeatability and reproducibility of benchmark results. To evaluate the performance of
LMD-p for remanufacturing of hot forging tools and dies, a cobalt based alloy
(Stellite 21®) was selected. Stellite 21® is widely used as a hard-facing alloy as it
provides excellent machinability coupled with superior wear characteristics. AFRC
standard dies were coated with LMD-p Stellite 21®. The LMD-p coating was then
machined to final geometry and then subjected to hot forging under AFRC standard
conditions to compare to benchmark wear characteristics. Adhesive and abrasive wear was
evaluated. It was shown that the Stellite 21® LMD-p additive layer performed better in both
adhesive and abrasive conditions than standard H13 tools steel dies.
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Introduction
Due to the high costs associated with die replacement and repair, there is a large emphasis across
the tool and die sectors (forging, forming, stamping and composite processes) to develop new
methods which reduce cost, improve die life, material utilisation and functional performance.
Large die sets for super plastic forming fan blades, forging crankshafts and turbine disks can cost ~
£250,000 and have a significant economic impact on the overall component piece part cost. On
average this is approximately 10% of turnover [1].
The European tool and die market is estimated at $11 billion USD per year involving >7000
companies [2]. The UK spends around £130 million manufacturing closed die forging tools and
sheet metal dies alone. However, these industries are largely SMEs (90%) [2] for whom adopting
new methods require significant investment.
H13 tool steel is a hot work tool steel that has been the industry standard alloy for forging die
applications for a number of years. It has excellent resistance to thermal shock, thermal fatigue,
abrasion resistance, and heat resistance [3, 4]. H13 tool steel provides the necessary requirements
to withstand harsh operating environments. Current die remanufacturing practice is to manually
inspect for wear and cracking, then flood weld the entire cavity and machine to the desired
geometry. There is limited geometric or dimensional verification of cavity features using this
method. Dies can also be completely re-machined to remove wear/cracking and recreate their
original geometry. Impacts of the current practice include large costs associated with tool steel
volumes; weld alloy materials to fill complete cavity and excessive machine cycle times and
consumable costs. Additionally, there are significant lead time challenges due to the complex
sequence of multi stage unconnected processes involved.
The Additive Layer Manufacturing (ALM) process Laser Metal Deposition (LMD) offers an
alternative remanufacturing method for tools and dies. LMD repairs can reduce cost, improve
material utilisation and improve functional performance. LMD is an innovative technology that
offers significant potential over traditional welding techniques as detailed features can be deposited
in specific areas with lower dilution [5]. Furthermore, finer microstructures can be obtained due to
fast cooling rates [6] and reduced distortion conditions can be achieved due to lower heat input [7].
Stellite® cobalt based alloys are commonly used in Laser Metal Deposition operations, and in
particular, for remanufacturing of components [8, 5, 9] such as crankshafts [6], shafts [10] and
turbine blades [11]. Stellite® alloys exhibit hard facing properties, providing excellent mechanical
wear resistance, especially at high temperatures. In addition, they have excellent corrosion, erosion,
abrasion, and galling resistance [12]. They also provide good sliding wear resistance [14], which is
critical for forging and forming applications. Stellite® alloys and the properties that they exhibit,
present significant remanufacturing opportunities to enhance standard H13 tool steel dies.
In order to determine the applicability and functional performance of hard facing Stellite®
alloys in forging applications, a practical investigation was undertaken to benchmark standard
H13 tool steel dies against a H13 tool steel substrate with an LMD Stellite additive layer.
Aims of research
The aim of this work was to determine whether the remanufacture of hot forging dies is a feasible
and viable option for the forging industry and if so, whether LMD-p provided a suitable repair
method. Selected powder basedmaterials were considered as candidates for repair and the relative
pros and cons considered. Furthermore, by carrying out forging experiments on an industrial scale
screw press and assessing the performance of the repaired dies, confidence in LMD-p repairs
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would be enhanced from the perspective of the end user. Finally, due to the selective and precise
nature of LMD-p deposition, areas of excessive wear could be targeted to enhance the overall die
performance.
Criteria for die repair
The following criteria were considered with respect to LMD-p as a hot forging die repair
methodology.
a. Ease of repair
LMD-p is an ideal candidate for repair of hot forging dies. Laser Metal Deposition equipment
and metal powders are readily available and are compatible with selective repair of dies which
are exhibiting localised wear.
Fig. 1 LMD-p re-manufacturing process
Table 1 Material Selection decision matrix
Materials Suitability for
forging conditions
Suitability for
remanufacture
Suitability
for machining
Suitability
for LMD-p
Stellite 6 ✔ ✔ ✔ ✔
Stellite 21 ✔ ✔ ✔ ✔
Stainless steel 316 X NA NA NA
Steel alloy 4340 X NA NA NA
M2 Tool steel ✔ ✔ ✔ X
COLMONOY® 635 X NA NA NA
Cr3C2–20(Ni 20Cr) X NA NA NA
Inconel® Alloy 718 ✔ ✔ ✔ ✔
Journal of Remanufacturing
b. Machinability
It is important to ensure that die repair materials can be machined to final geometry with
conventional CNC machines and tooling.
c. Wear resistance
Remanufacturing processes need to return a worn die set to at least the performance levels of
the original die set. LMD-p offers the opportunity to select more robust repair materials to, at a
minimum, achieve original performance characteristics or indeed exceed wear resistance
properties of the original die set. Furthermore, because LMD-p can be deposited in precisely
selected areas, there is an opportunity to improve die performance on hitherto areas prone to
excessive wear.
d. Hot forging performance
The in-service performance of remanufactured hot forging dies must, at a minimum, match the
original in terms of output and failure modes. LMD-p repaired dies will be assessed by means
of the Advanced Forming Research Centre (AFRC) low cost standard test method to bench-
mark the hot forging performance of die repairs.
Table 2 Stellite 21® chemical composition
Co Cr Mo C Ni Other elements present
Base 26–29 4.5–6.0 0.20–0.35 2.0–3.0 Fe, Si, Mn
Fig. 2 H13 tool steel die insert with ALM
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Methods
Experimental overview
To investigate the feasibility of using LMD-p Stellite 21® as a repair material for tools and
dies, a suitable rigorous test of the material was required. AFRC research in the field of forging
tool die life provided a unique opportunity to investigate forging die repairs on large industrial
scale equipment. Furthermore, re-manufacture utilising AFRC CNC machining capabilities
also provided insight into the machinability of the selected repair material. The availability of
‘benchmark’ wear data allowed direct comparison of the repair material performance in a real
life situation. Figure 1 illustrates the re-manufacturing process and subsequent evalu-
ation steps.
Fig. 3 LMD-p Process
Table 3 LMD-p process parameters
Parameter Value Unit
Substrate material H13 Tool Steel 4Cr5MoSiV1
Deposited material Stellite 21 CH4CoCrFeMnMoNiSiW
Powder feed rate 8.2% g/min
Laser power (PreHeat) 750 W
Laser power (Deposition) 500 W
Radius of defocused laser beam on the substrate (PreHeat) 8–10 mm
Radius of focused laser beam on the substrate (Deposition) 1.0 mm
Ambient temp 298 K
Melting temp of substrate 1733 K
Melting temp of powder 1568 K
Process speed (PreHeat) 10 mm/s
Process speed (Deposition) 12 mm/s
Laser stand off 12 mm
Carrier gas Argon N/A
Shield gas Argon N/A
Step over 0.5 mm
Distance between Nozzle & Substrate 12 mm
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Repair material selection
Several candidate materials are available for repairing tools and dies using LMD-p additive
layer manufacturing. Table 1 illustrates the decision matrix used to select a suitable material for
repair of hot forging dies by LMD-p. The material selected must also retain adequate
machining and forging compatibility for re-manufacturing processes after repair.
Stellite 21® was selected as a candidate material as it provided the following characteristics:
& wear resistance - hard facing alloy
& high temperature strength
& resistance to thermal and mechanical shock
& resistance to galling
& metal-to metal sliding wear resistance
& good machining characteristics
The chemical composition (wt.%) of the cobalt based alloy is shown in Table 2.
Fig. 4 Typical LMD-p deposit
Fig. 5 HSC75 CNC Machining centre and machined die insert
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Die insert selection
Tools and dies can be very expensive to produce and their complex geometry can make
evaluation of repairs difficult. However, AFRC has developed a hot-forging standard test
method which is low cost to perform and provides benchmark data to allow direct comparison
of ALM materials. Figure 2 illustrates the AFRC standard low cost die insert and Stellite 21®
ALM material is shown in red. The die insert is mirrored around its centre to maximise
material utilisation providing two forging trials per die insert. Cylindrical billets are forged on
the peak of the die insert (see section 6 for more detail).
The die insert is manufactured from H13 tool steel at Rockwell hardness (HRC) 52–54 and
is 100 mm× 45 mm× 60 mm in dimension with 2 mm radius peak.
Powder laser metal deposition (LMD-p) repair
LMD-p is an additive layer manufacturing (ALM) technique wherein a metal powder is
conveyed through a nozzle onto a metal substrate. A laser is used to melt a layer of powder
into the desired shape along CNC toolpaths (Fig. 3).
The process is repeated layer by layer to create a solid three dimensional geometry on the
substrate. The laser power required to produce the desired melt pool is in the range 0.5 kW ~
2.0 kW which, on solidification, results in a fine grain microstructure due to high cooling rate
(105 Ks−1). LMD-p produces a metallurgical ‘fusion’ bond with the substrate of density > 99.5
and typical layer thickness of 0.2 mm to 2.5 mm. Distortion is minimised due to the small Heat
Affected Zone (HAZ) of the laser with <5% dilution of the substrate. LMD-p was
subcontracted to LAS Ltd., Doncaster, England with the requirement to deposit a minimum
of 5 mm Stellite 21® onto the H13 tool steel substrate. Table 3 details LMD-p process
parameters.
Figure 4 shows a typical AFRC die insert repaired with 5 mm LMD-p deposited
Stellite 21®.
Machining of repaired die insert
LMD-p repaired die inserts were machined to obtain the original die insert geometry on a
DMG Mori HSC75 CNC machining centre as shown in Fig. 5.
Table 4 Machining conditions for H13 tool steel and Stellite 21®
Coolant Machining strategy Surface speed (mm/min) Feed per tooth
H13 Tool Steel Off Roughing 250 0.05
H13 Tool Steel Off Finishing 300 0.05
Stellite 21® On Roughing 30 0.05
Stellite 21® On Finishing 50 0.05
Table 5 H13 tool steel chemical composition
C Si Mn Cr Mo V
Typical (%) 0.39 1.03 0.45 5.30 1.28 0.95
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When compared to H13 tool steel, modified machining parameters were required for
Stellite 21® and are detailed in Table 4.
Hot forging standard test method
The Advanced Forming Research Centre (AFRC) has established a low cost standard test
method to evaluate abrasive and adhesive wear [13] on H13 tool steel dies for hot
forging applications. H13 tool steel [16] is a chromium-molybdenum-vanadium alloyed
steel used in the manufacture of hot forging tools and dies (Table 5).
H13 tool steel provides durability, strength, corrosion resistance and high-temperature
stability in service. The bespoke tool design allows researchers to benchmark new and
novel coatings, lubricants and additive layers against a known data standard and allows
researchers to assess the performance of the new processes and materials in terms of
abrasive and adhesive wear. The fillet radius (2 mm) has been carefully selected to ensure
Die Insert                 Die Assembly            Billet
H13 Tool Steel
• HRC 52-54
• Fillet/notch geometry
• Impart shear stress
• Low cost
Cylindrical billets
• Aluminium – so, no wear
• 316 stainless steel – low wear
• 321 stainless steel – low wear
• Inconel 718 – high wear
Fig. 6 AFRC die set
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that surface changes on the die insert are attributable to abrasive and adhesive wear. This
geometry eliminates plastic deformation of the die insert [13].
The selection of the metal billets to be forged is also a significant factor to be considered.
Several metals were assessed for suitability in providing measureable wear characteristics at
sufficiently low number of forging cycles to keep costs at a minimum. Inconel 718, whilst
the most expensive metal to purchase, was found to provide measureable wear after only 25
forging cycles and was selected as the benchmark. Figure 6 illustrates the bespoke die set
used in the hot forge.
Forging trials were carried out on an industrial scale 160 kJ Schuler screw press
(Fig. 7).
The forging process is shown in Fig. 8.
The forging cycle consists of heating Inconel 718 billets to their forging temperature of
1050 C for 15 min. The top and bottom die temperature is set at 250 C and 230 C
respectively and coated in aqueous graphite lubricant (10% wt. carbon). The hot billets are
then transferred to the forge where the top die is driven to impact each billet in turn at 10%
(16 kJ) energy. The 2 mm fillet on the die insert produces a notch on the billet and die insert
is subjected to wear on the surface due to sliding together of metal surfaces. The cylindrical
billet (25 mm ϕ × 50 mm) is notched as shown in Fig. 6.
Fig. 7 Schuler screw press
Heat Soak Billets @ 
1050 C for 15 min
Forge @ 10% 
energy with 
lubricant
Cool billets @ room 
temperature
Electrotherm 
furnace
Schuler
Screw
Press
Inconel 718 billets
picked
Fig. 8 Forging process
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Hot forging process simulation
AFRC has modelled [14] the forging process for H13 tool steel/Inconel 718 in DeFORM®
modelling software to predict abrasive and adhesive wear. The standard model was adapted to
include the addition of a layer of Stellite® 21 repair on the surface of the die insert to validate
the practical experimental trial. Figure 9 shows the predicted abrasive and adhesive wear after
25 forging cycles.
The simulation model predicts 51 μm abrasive wear and 26 μm respectively.
Metrology
AFRCMetrology standard methods were developed to ensure repeatability and reproducibility
of benchmark results. Measurements are carried out on a Coordinate Measurement Machine
(CMM) using a 0.7 mm ruby probe to produce surface profile scans of the die insert. CMM
profiling is carried out on both pre-forging die inserts and post-forging die inserts. A fine step
over of 0.1 mm is used to maximise data points and individual scans are meshed together to
Fig. 9 Predicted abrasive/adhesive wear
Fig. 10 CMM surface profiling
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create a surface profile. Finally, surface scans are aligned using a cylindrical deviation
technique to determine wear values. A typical surface scan is shown in Fig. 10.
Results
Wear comparison
To evaluate the performance and suitability of Stellite 21® as a repair material for tools and
dies, wear is considered as the primary failure mode to be investigated. Wear, in microns (μm),
was measured for a LMD-p repaired die insert and compared against H13 tool steel original die
insert using available benchmark data. Abrasive wear areas, corresponding to metal removal,
Fig. 11 CMM surface profile for H13 tool steel die insert benchmark
Fig. 12 CMM surface profile for LMD-p repaired die insert
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are denoted by a negative value and areas of adhesive wear, corresponding to metal accumu-
lation, are denoted by a positive value. Figure 11 illustrates the surface profile for a H13 tool
steel die insert after 25 forging cycles.
Figure 12 illustrates the surface profile of a LMD-p repaired die insert after 25 forging
cycles under corresponding benchmark process conditions.
Table 6 compares the performance, in terms of maximum abrasive wear, of a LMD-p
repaired die insert with corresponding benchmark data.
Table 7 compares the performance, in terms of maximum adhesive wear, of a LMD-p
repaired die insert with corresponding benchmark data.
Microstructural analysis
When considering the suitability of Stellite 21® as a repair material for tools and dies, the
microstructure of the deposition layer must be considered. Figure 13 illustrates a typical
repaired area of the die insert.
Discussion
The aim of this work was to determine the suitability of LMD-p as a repair method for hot
forging tools and dies based on the following criteria:
Ease of repair
The LMD-p process was ideally suited to repairing die inserts. The powder alloy is readily
available as is the laser deposition equipment. Alloys can easily be deposited on a typical tool
steel substrate.
Machinability
CNC machining of repaired die inserts require changes to process parameters for best
results (Table 4). To ensure adequate milling to the original geometry, coolant was
Table 6 Improvement of abrasive
wear using LMD-p Stellite 21® Die insert Abrasive
wear (μm)
Δ v. benchmark (μm) % improvement
H13 0.108
LMD-p 0.055 0.053 49
Table 7 Improvement of adhesive
wear using LMD-p Stellite 21® Die insert Adhesive
wear (μm)
Δ v. benchmark
(μm)
% improvement
H13 0.082
LMD-p 0.027 0.055 67
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essential and a reduction in surface speed was required to minimise tool wear and
produce an acceptable surface finish. Therefore, from a technical perspective, machin-
ability of the repair is excellent but increased costs in terms of materials and
productivity should be considered.
Wear resistance
Wear resistance of the selected repair material is critical with respect to tool and die
performance as detailed by Summerville et al. [1]. Stellite 21® provided an overall
improvement in wear characteristics when compared to AFRC benchmark figs. [14].
Abrasive wear was improved by 49% and adhesive wear was improved by 67%
over AFRC forging benchmark data [14]. Simulation of the forging process predicted
abrasive wear of 51 μm which correlated well with 55 μm obtained via physical trial.
Adhesive wear was also accurate in prediction, 26 μm compared to 27 μm.
With respect to abrasive wear, Stellite® alloys exhibit hard-facing properties and
provide excellent mechanical wear resistance, especially at high temperatures. In
addition, they have excellent corrosion, erosion, abrasion, and galling resistance
[12]. These alloys also provide resistance to sliding wear [14]. All of these attributes
are essential for hot forging applications. Furthermore, Diaz et al. [5] found cobalt
based alloys were ideal candidates for LMD-p repair applications. The combination of
wear resistance and ease of repair show that LMD-p repairs using Stellite 21® should
result in significant improvement in terms of all aspects of wear experienced during
hot forging. Experimental data from AFRC trials correlate well with expectations for
abrasive wear and confirm the suitability of Stellite 21® for hot forging die repair.
Adhesive wear improvements were also significant. H13 tool steel dies are heated to
200–250 °C during the forging operation [13, 14]. There is a reduction in tensile strength
of H13 tool steel at these temperatures [15]. However, Stellite 21® maintains its tensile
properties within this temperature range [16]. Therefore, H13 tool steel dies will retain
more Inconel 718 from the forged billet on their surface than repaired Stellite 21® dies.
The result is increased die life.
Fig. 13 Stellite 21® to H13 interface microstructure
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Hot forging performance
Repaired die inserts performed better in hot forging conditions when compared to the
benchmark process [14]. Less wear was detected and improved handling of billets was
observed due to a reduction in adhesion. Removal of forged products from tools and dies is
very important. Components can stick to the die and sometimes additional ejectors are required
to help eject forged material. However, with the reduction in adhesive wear, billets are easier to
remove from the die insert post forging. The result is improved die life and ease of production
of forged parts. This is a similar experience as shown by Brandt et al. [11].
Furthermore, die inserts show little degradation when compared to H13 tool steel
die inserts. The microstructural analysis would suggest the presence of gas voids and
potential for micro-cracking in columnar lamellar grains due to high cooling rates.
These issues could possibly result in tool and die defects. Die design is important
when considering repair geometry and avoidance of plastic deformation, as found by
Marashi et al. [13], is important. Consideration of microstructural aspects of the
metallurgy of such repairs in future experiments would be prudent.
Conclusions
Based on process observations and the results obtained, LMD-p is a suitable candidate for
consideration in repairing hot forging tools and dies. Furthermore, Stellite 21® appears to offer
excellent wear resistance, toughness, machinability and forge-ability in the application studied
and would be an alloy worthy of further investigation for use in complex die repair.
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